According to paleontological data, eutherian or placental mammals diverged some 130 million years ago from marsupial mammals. Because the reconstruction of their phylogenetic relationships using fossil records is not easy, genetic data are greatly needed (Novacek 1992) . Chromosome comparisons were developed to compare closely related and progressively more and more distant species. Chromosome banding comparisons were even used to compare species belonging to different orders of placental mammals (Dutrillaux et al. 1980; Dutrillaux and Couturier 1983; Petit et al. 1984) , revealing a high conservation of many large chromosomal segments. Starting from human chromosomes, this allowed the reconstruction of ancestral karyotypes, assuming that chromosomes with similar banding patterns shared by species from different genera, families, or even orders were already present in their common ancestors (Dutrillaux et al. 1982; Dutrillaux and Couturier 1983) . The efficiency of chromosome banding comparisons is however limited: When distant species are considered, they do not allow accurate comparisons of small chromosomes or chromosomal segments. In situ hybridization techniques, using whole chromosome probes on metaphases from various species (Zoo-FISH) proved to be a good complement, especially for the comparison of these small chromosomal segments. These methods are also particularly adapted to study taxa with highly rearranged chromosomes, such as gibbons Koehler et al. 1995; Müller et al. 1998) and Muridae (Scalzi and Hozier 1998; Guilly et al. 1999) , for which chromosome banding failed to propose complete comparisons. They also confirmed the proposed analogies between man and great apes (Dutrillaux 1975; , man and macaques (Muleris et al. 1984; Wienberg et al. 1992) , and man and lemurs (Apiou et al. 1996; Mü ller et al. 1997) . These improvements make it now possible to accurately compare man and nonprimate mammals (Hayes 1995; Rettenberger et al. 1995; Frönicke et al. 1996 Frönicke et al. , 1997 Raudsepp et al. 1996; Hameister et al. 1997; Wienberg et al. 1997; Bielec et al. 1998; Dixkens et al. 1998; Nash et al. 1998; Volleth et al. 1999) and reconstruct the origin of human and other primate chromosomes from their common eutherian ancestors.
The study was mainly focused on the origin of human chromosome 7 (HSA7) in placental mammals. Because sequences homologous to segments of HSA7 were found recurrently located on the same chromosomes as those of HSA16 and HSA19, the study was extended to these two chromosomes. The reconstruction of the evolution of HSA7 was already proposed after chromosome banding comparisons in primates (Dutrillaux 1979a) . It was concluded that the ancestral form of HSA7 was composed of two acrocentrics: one large and one small, RT-band rich. The large acrocentric was also found in carnivore (Dutrillaux and Couturier 1983) and rodent (Petit et al. 1984) species, but the presumed small acrocentric could not be tracked. The identification of the homologs to HSA16 and HSA19 remained uncertain in nonprimate mammals. We considered our Zoo-FISH results on species belonging to Carnivora (lion), Edentata (armadillo), Lagomorpha (rabbit), Perissodactyla (zebra), primates (several species), Rodentia (squirrel), and Scandentia (tree shrew), and published data for species belonging to other orders. We propose a shared evolutive history for the homologs to HSA7, HSA16, and HSA19 before their emergence as individual chromosomes in primate ancestors and describe the alterations that occurred during the evolution of these chromosomes for a period of about 80 million years. These Zoo-FISH are compared with banding and gene mapping data.
RESULTS AND DISCUSSION
Successful paintings were obtained for the following species: (1) HSA7 probe: all of the studied species; (2) HSA16 probe: marmoset, white-throated capuchin and brown lemur; Chinese tree shrew; lion; nine-banded armadillo; Old World rabbit; Indochinese ground squirrel, and mountain zebra; (3) HSA19 probe: whitethroated capuchin, Chinese tree shrew, and mountain zebra. For all species considered, Latin and common English names are given in Table 1 , with indications of the orders or families to which they belong.
Evolution of HSA7 Homologs
By combining our Zoo-FISH and chromosome banding data, it appeared that, except for Catarrhines (Old World monkeys, great apes, and man), homologous sequences to HSA7 were present in at least two chromosomes, in all the species studied ( A large acrocentric homologous to a HSA7 fragment (7a) was observed in various species of primates (white-headed saki, white-throated capuchin, brown lemur) and in the nine-banded armadillo (Fig. 1) . In other species, it constituted the whole arm of a metaor submetacentric chromosome, as in the lion and the Indochinese ground squirrel. The marmoset and the Chinese tree shrew possessed different submetacentrics homologous to 7a (Fig. 2a) . More complex situations were observed for the Old World rabbit and the mountain zebra, in which fragments of 7a were associated with chromosome fragments of different origin (Fig.  2b) . Because a large acrocentric or a whole chromosome arm with an identical banding pattern was observed in species belonging to several orders, we concluded, using the method of parsimony, that this chromosome was the ancestral form for many, if not all, placental mammals. No synteny (colocalization on a same chromosome) with other HSA chromosome segments was shared by different orders of mammals. In this hypothesis, the ancestral acrocentric would have undergone Robertsonian translocations in lion and squirrel, independent pericentric inversions in marmoset and tree shrew, or reciprocal translocations in rabbit and zebra lineages.
The small-sized chromosome segment homologous to HSA7 sequences (7b) and sequences homologous to HSA16 were syntenic in at least one species belonging to all eutherian orders we studied except for primates. No additional synteny was detected in the lion, the nine-banded armadillo, the Old World rabbit Table 1 for the three-letter code meaning.) and the Indochinese ground squirrel, whereas the 7b+HSA16 synteny was found associated with other chromosomal material in the Chinese tree shrew and the mountain zebra (Figs. 1 and 2c,d ). This link between 7b+HSA16 fragments was described for cattle (Hayes 1995) and sheep (Burkin et al. 1997) , as well as lemur (Mü ller et al. 1997) , mink (Hameister et al. 1997) , muntjac (Burkin et al. 1997; Yang et al. 1997) , dolphin (Bielec et al. 1998) , and bat (Volleth et al. 1999) species. Additional chromosome materials were found associated with the 7b+HSA16 syntenic fragments in some taxa: HSA20 in the dolphin, HSA5 and HSA9 in the bat, and nonidentified sequences in cattle. The most parsimonious hypothesis is that 7b+HSA16 sequences formed a small ancestral chromosome that remained free in some taxa and underwent different translocations in others. When chromosome banding was considered, the HSA16 homologous sequences seemed to belong to the short rather than to the long arm of HSA16, in agreement with comparative gene mapping data from pig, cattle, sheep, and mink (BOVMAP, http://locus.jouy. inra.fr/cgi-bin/bovmap/intro. pl, August 1999; Mouse Genome Database (MGD), http:// www.informatics.jax.org/, June 1999; Pigmap, http://www.toulouse.inra.fr/lgc/lgc.html, August 1999). The ancestral morphology of this small chromosome remains uncertain. That a small, apparently identical, submetacentric was observed in species from four orders (Carnivora, Edentata, Lagomorpha, and Rodentia, Fig. 3 ) suggests that this chromosomal form was ancestral. This interpretation is compatible with the other forms of the 7b+HSA16p fragment when it is translocated onto other chromosomes, as in the tree shrew, the zebra, and cattle among others. However, that the 7b+HSA16p ancestral chromosome was acrocentric cannot be completely ruled out. Consequently, the fission that has originated the chromosome homologous to HSA16p in primates either occurred at the centromere position if the ancestral chromosome was submetacentric, or in intercallary position if it was acrocentric (Fig. 3) .
Among primates, 7b was found syntenic with HSA5 sequences in New World monkeys, with other sequences in lemurs and with 7a in Catarrhines (Fig. 1) . So, the most parsimonious interpretation is that a small acrocentric formed by 7b sequences was ancestral for all primates. It underwent various translocations in Prosimians and New World monkeys and a Robertsonian translocation with 7a leading to a submetacentric with a short arm very rich in R-bands in Old World monkeys.
In conclusion, in the common ancestor of placental mammals, it is most probable that sequences homologous to HSA7 formed a large acrocentric (7a) and the short arm (7b) of a small submetacentric.
Evolution of HSA16 Homologs
HSA16 homologous sequences were found to be located on two different chromosomes in species belonging to the eleven orders studied (Fig. 3) . One of the two parts of HSA16 sequences was recurrently syntenic with 7b fragment. It corresponds to HSA16p, as suggested by chromosome banding and demonstrated by 
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Considering the rest of HSA16, a synteny between sequences homologous to HSA16 and HSA19 was observed in many species. It was first detected in the Old World rabbit by high-resolution chromosome banding (Dutrillaux et al. 1980) . It forms a small submetacentric, very similar to chromosome 14 and 15 of the Indochinese ground squirrel and the lion, respectively, and slightly different than chromosome 20 of the nine-banded armadillo (this study). The existence of the synteny HSA16q-HSA19q was confirmed by different approaches in several taxa (for review, see Chowdhary et al. 1998 ). As it is also observed by Zoo-FISH in the Chinese tree shrew and the mountain zebra (this study), it exists in 10 different orders (Fig. 3) . Considering the various combinations of HSA16q and HSA19q chromosome segments (Fig. 3) , the most parsimonious interpretation is that the ancestral form was a submetacentric, still present in species belonging to six orders. Its short and long arms would be formed by sequences homologous to HSA19q and HSA16q, respectively.
Evolution of HSA7, HSA16, and HSA19 Homologs in Primates
The reconstruction of HSA7, HSA16, and HSA19 evolution did not allow us to propose any branching among the various orders of placental mammals studied, as no derived rearrangement was shared by species belonging to two or more orders. Compared with presumed ancestral eutherian chromosomes, derived conditions were observed in primates, which allowed us to reconstruct a tree deduced from the method of parsimony (Fig. 4) . Ancestral conditions could be proposed for the homologs to HSA7, HSA16, and HSA19 at different branchings of this tree. In all primates studied, neither the 7b-H S A 1 6 p n o r t h e H S A 1 6 qHSA19q ancestral synteny was detected. Thus, both syntenies were disrupted, probably by fissions that occurred at the centromeric region of each presumed ancestral submetacentric. This clearly separates primate ancestors from all other orders. In lemurs, the two acrocentrics 7a and 7b either remained free as in the brown lemur or underwent translocations as did 7a in the black lemur . The ancestral acrocentric homologous to HSA19q and a part of HSA4 underwent a translocation specific to lemurs. Another translocation involving HSA16q homolog occurred in the black lemur, forming a HSA14-HSA15-HSA19p-HSA16q synteny. This synteny is a derived condition.
In all Simians studied, the synteny HSA19p-HSA19q was observed, although further rearrangements have occurred in few taxa with highly rearranged karyotypes such as gibbons Koehler et al. 1995; Müller et al. 1998) . Because the syntenic sequences form a small metacentric in many species as in man, this chromosome could be considered as the simian ancestral one. It has remained fairly stable because it was formed before New World and Old World monkeys divergence.
In all New World monkeys studied, an HSA10-HSA16p synteny exists. The ancestral form is a submetacentric with a short arm homologous to HSA16p and a long arm homologous to HSA10q (Dutrillaux Table 1 for the three-letter code meaning.) 1979b). During evolution, this chromosome either remained unchanged as in the white-throated capuchin and the marmoset (Richard et al. 1996; Sherlock et al. 1996) or was further rearranged as in the black-handed spider and red howler monkeys (Morescalchi et al. 1997; Consigliere et al. 1996, respectively) . The ancestral simian acrocentric homologous to HSA16q underwent a Robertsonian translocation with the HSA2p homolog in a common ancestor to New World monkeys (Dutrillaux 1988) . Further rearrangements of this ancestral chromosome occurred such as translocations in spider monkeys (Morescalchi et al. 1997 ) and apparently independent reverse fissions in the marmoset and the red howler monkey (Consigliere et al. 1996; Sherlock et al. 1996) . Chromosome 7a remained free except in the black-handed spider monkey. The ancestral simian acrocentric 7b underwent a translocation with the HSA5 homolog forming a submetacentric. Then, this chromosome underwent a fission in the Goeldi's monkey (Dutrillaux et al. 1988) or a translocation in the black-handed spider monkey (Morescalchi et al. 1997) .
Finally, among Catarrhines, the syntenies HSA16p-HSA16q and 7a-7b exist in all the studied species. Except for heterochromatin variations, a metacentric chromosome similar to HSA16 is observed in many species. It is proposed to be ancestral for Catarrhines. This chromosome was formed before the divergence between Old World monkeys and apes and remained fairly stable. A Robertsonian translocation formed a submetacentric homologous to HSA7 considered as the ancestral form for all Catarrhines. Then, it underwent a translocation with the HSA21 homolog in macaque and baboon ancestrors, forming their chromosome 2. It remained free in other Old World monkeys and underwent various fissions in guenons and inversions in leaf monkeys ). In gibbons, syntenies HSA2-HSA7, HSA5-HSA16, and HSA12-HSA19 were observed in several species Koehler et al. 1995; Müller et al. 1998 ), suggesting they Figure 4 Phylogenetic tree of primates established from banding (PPA, CAE, CMI, PCR, CAB, SFU, and CGO; see references in Dutrillaux et al. 1986 ) and Zoo-FISH (others species) data. Numbers refer to human homologous chromosomes. Ancestral forms of HSA7, HSA16, and HSA19 homologs are boxed. Only rearrangements involving at least one homolog to HSA7, HSA16, or HSA19 are indicated. Semicolons separate chromosomes involved in a same rearrangement and hyphens indicate pre-existing syntenies. Approximate branching datations [MYbp (million years before present)] are according to Martin (1993) . (See Table 1 for the three-letter code meaning.)
were formed by translocations that occurred in common ancestors of this family. In great apes and man, the homolog to HSA7 remained free and underwent a pericentric inversion after the orangutan divergence, a paracentric inversion after the gorilla divergence, and another paracentric inversion in the bonobo. Thus, only the chimpanzee and man share the same chromosome (Dutrillaux 1979a) .
The rearrangements involving homologs to HSA7 during evolution of primates are quite informative. Considered together with rearrangements involving HSA16 and HSA19 homologs, they allowed us to propose many branchings. These branchings, however, remain insufficient for reconstructing a complete phylogenetic tree. It must be pointed out that the dichotomic tree of Figure 4 is an oversimplification of the events that have occurred. When more species and chromosomes will be studied by chromosome painting, it should appear that a network is more likely than a dichotomic evolution, as suggested by chromosome banding studies.
METHODS Studied Species
Cultures were developed from fibroblasts conserved in liquid nitrogen in our cell repository. The 11 species analyzed in this study belong to 7 orders of placental mammals. To reconstruct chromosome changes, published data were also considered, which allowed us to compare chromosomes from species belonging to 11 orders. Latin names, English names, and abbreviations of the studied species considered are described in Table 1 .
Chromosome Banding
Chromosome banding techniques and comparisons were made after fibroblast cultures, according to our usual methods (Dutrillaux and Couturier 1981) .
Zoo-FISH
In situ hybridization using whole human chromosome 7, 16, or 19 probes (Cambio-Biosys, Compiègne, France) were performed on metaphases of the studied species. Probes were revealed in green by indirect detection with an anti-biotin antibody followed by an FITC-conjugated anti-goat antibody. Chromosomes were counterstained in blue with DAPI and identified with a computer generated reverse DAPI banding. For some species, G banding was revealed in red simultaneously by an indirect detection of the 5-bromodeoxyuridine incorporated to chromosomes during the last 10 hr of culture (Richard et al. 1996) . Observations were performed under an epifluorescence microscope (Microphot-FXA, Nikon, Japan) and images were captured using a cooled CCD camera and a software (Quips-Smart, Vysis, Downers Grove, IL).
ACKNOWLEDGMENTS
We are grateful to Pr. Yves Rumpler and the veterinary surgeons from the Museum National d'Histoire Naturelle de Paris for the obtention of tissue specimens; and we thank M.F. Lavigne for secretarial assistance and K. Truong for reading the manuscript.
The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
